A specially designed semi-circular notch specimen was employed in the current study to generate the various strain conditions, including uniaxial, biaxial, shear, and plane strains, which was utilized to explore the evolution of different deformation twinning systems under complex loading conditions. Using in situ synchrotron X-ray diffraction mapping method, it was found that the extensive double twins were activated during loading, while nearly no extension twinning activity was detected. After the formation of {10.1} and {10.3} compression twins, they transformed into {10.1}-{10.2} and {10.3}-{10.2} double twins instantaneously at the early stage of deformation. The lattice strain evolutions in different hkls were mapped at selected load levels during the loading-unloading sequence. The relationship between the macroscopic straining and microscopic response was established.
Introduction
Magnesium (Mg) alloys are the lightest among commercial metals for the structural applications, which has drawn great attentions from academic society and transportation industries due to the combined properties of high strength-to-weight ratio and high specific stiffness [1, 2] . Compared with casting Mg alloys, wrought Mg alloys exhibit superior mechanical properties and fatigue resistance owing to their defect-free nature [3] . The mechanical properties of wrought Mg alloys can be further improved through heat-treatment, grain refinement, and rare earth element addition [4] [5] [6] [7] [8] [9] [10] . Therefore, the study of deformation behavior of wrought Mg alloys is inevitable for promoting the wide applications of Mg alloys as load-bearing components.
Mg has a hexagonal close-packed (HCP) crystal structure with a limited number of slip systems leading to an anisotropic plastic deformation behavior [11, 12] . It has been established that {00.2}<11.0> basal <a> slip and {10.2}<10.1> extension twinning are the two easy deformation modes in the HCP-structured Mg [13, 14] . The {10.2}<10.1> extension twinning can be activated by tension along c-axis and compression perpendicular to the c-axis, which results in a sudden re-orientation of parent grains by approximately 86.3 o [15, 16] . A plateau is usually perceived in stress-strain curve during the extension twinning dominated deformation, followed by a rapid strain hardening once the extension twinning dominated deformation exhausts, which leads to an early fracture. Comprehensive researches have been concentrated on the {10.2}<10.1> extension twinning in highly textured wrought Mg alloy during uniaxial tension, compression, and cyclic straining in the past two decades [17] [18] [19] [20] [21] [22] [23] [24] [25] . 4 Besides the {10.2}<10.1> extension twinning, there are several twinning systems in the HCP-structured Mg, including the {10.1} and {10.3} contraction twinning and the {10.1}-{10.2}
and {10.3}-{10.2} double twinning [26] [27] [28] [29] . For the {10.1}-{10.2} double twinning system, there are four possible variants (type 1, type2, type3, and type4) of double twinning [26] . When the HCP-structured crystal experiences compressive stress along the c-axis or tensile stress perpendicular to the c-axis, it is a favorable stress state for the initiation of the {10.1} or {10.3} contraction twins. After the formation of the {10.1} or {10.3} contraction twins, the {10.2}
secondary extension twins will be activated, because the stress state that favors the contraction twinning also facilitates the secondary extension twinning within the primary twin domain [30] .
It has been reported that the compression twinning and double-twinning occurred after necking,
indicating that large plastic deformation is required [31] . Compared with the research on extension twinning, studies focused on contraction twinning and double twinning are rare.
Moreover, the evolution of compression twinning and double twinning in the bulk sample during in situ deformation remains unknown.
In reality, the structural components usually suffer from the complex loading condition during service other than simple tension or compression. In addition, during sheet metal forming, the materials are under complex multiaxial deformation process and many twinning/slip systems would be triggered. In the current study, a specially designed semi-circular notch sample was exploited to generate the strain/stress concentration around the notch to facilitate the activation of compression twinning and double-twinning deformation. Moreover, the complex biaxial stress states were produced around the notch, which was utilized for characterizing the correlation between the complex strain states and different deformation twinning systems. To the authors'
best knowledge, the current study is the first attempt to characterize the compression twinning 5 and double twinning deformation behavior in the HCP-structured Mg alloy during in situ synchrotron X-ray diffraction mapping under load. In the current paper, we address three critical issues, including, (1) how the different deformation twinning systems evolve under loading? (2) what are the lattice strain and stress distribution during deformation? (3) what is the favorite strain state for each twinning systems? 6 
Material and Methods

Experimental materials
A commercial AZ31B Mg rolling plate (a nominal composition of 3.0 % Al, 1.0 % Zn, and Mg as balance, in weight percentage) with typical rolling texture was chosen. The initial texture of the rolling plate was published elsewhere [18] . The sample geometry is illustrated in detail in Fig. 1(a) . Two semi-circular edge notches with a diameter of 8 mm were cut on both sides of the plate dog-bone samples. The axial, transverse, and through thickness directions of specimens were aligned with the rolling direction (RD), normal direction (ND), and transverse direction (TD) of the rolling plate, respectively. The "center of notch" is marked in Fig. 1 (a), which will be used throughout paper. After sample machining, all specimens were annealed at 345 o C for 2 hours to release the residual stress. The average grain size of the annealed sample is approximately 40 μm.
Mapping experiments
Digital image correlation (DIC) method was employed to map the macroscopic strain evolution during tension. The uniaxial tension experiment was conducted using INSTRON ElectroPuls E-3000 testing system, with a fixed displacement rate of 0.008 mm/s. A digital camera was operated at 0.5 fps (frame per second) during the in situ measurement. The recorded digital images were analyzed using VIC 2D software to compute the surface strain maps for each captured image.
The synchrotron X-ray diffraction mapping experiment was performed at 11ID-C, Advanced Photon Source (APS), Argonne National Laboratory (ANL). The monochromatic beam with energy of 115 keV was used to conduct the experiment in forward scattering mode. 7 The combination of the forward Bragg diffraction geometry and high energy x-ray makes the scattering vector nearly parallel to the surface of the specimen. The beam size of 0.2 × 0.2 mm 2 was used to map out the region of interest (notch area) with step size of 0.2 mm. The attenuation length of 115keV synchrotron X-ray on AZ31 alloy is 3.55 cm (calculated using mass attenuation coefficient of 0.159 cm 2 /g and density of 1.77 g/cm 3 for AZ31), which exceeds the thickness of the sample (2.5 mm) in the present study. Considering the beam size coupled with sample thickness of 2.5 mm and average grain size of 40 μm, approximately 1500 ~ 1600 grains were detected in each measurement. The mapping area is demonstrated in Fig. 1(a) . The lattice strain mapping was conducted for the total of eight load levels, i.e., 0, 1000, 1500, 2000, 3000,
2000, 1000, and 0 N, in a single loading-unloading cycle. A cross was marked in the center of the sample as a reference location to ensure that the same area was measured at each load level. The azimuthal dependent lattice strains from the measurement are determined by the strain state of the material at the measured position. It can be express as where is the strain tensor component, and is the function of diffraction geometry [32] . The details of the theory can be found in reference [33] . Based on the sample geometry of the present study [the sample width was four times as the sample thickness in Fig. 1 obtained. An example of the fitting can be seen in Fig. X1 . This total diffraction line shift regression method allows the determination of the shear component, which cannot be measured directly from diffraction patterns as it does not contribute to the line shift in the shear direction.
Data reduction
Data analysis procedure
The deformation twinning systems, twin plane, and reorientation angles in the HCPstructured Mg alloys are listed in Table 1 . The letters ET, CT1, CT2, DT1, and DT2 represent extension twinning, {10.1} contraction twinning, {10.3} contraction twinning, {10.1}-{10.2} double twinning, and {10.3}-{10.2} double twinning, respectively, which will be used throughout the whole paper. The twin plane, and reorientation angles of four possible variants of {10.1}-{10.2} and {10.3}-{10.2} double twining are presented in Table 2 and 3, respectively.
The symbols of T1, T2, T3, and T4 signify the type 1, type 2, type 3, and type 4 of double twining, respectively. According to the deformation twinning systems in the HCP-structured Mg, the schematic of diffraction peak intensity variation under loading is demonstrated in Fig. 1 
(b).
Before deformation, the (00.2) peak intensity distributes evenly around 0 o and 180 o . After deformation, the (00.2) peak intensity decreases near 0 o and 180 o , while some peaks appear at certain orientation angles depending on the active deformation twinning modes. For example, if the CT1 was operative during the deformation, a sudden increase of (00.2) diffraction peak intensity would appear at near 303. 
Results
Macroscopic strain distribution
The macroscopic strain distributions of the three strain components at the selected load levels measured by DIC are displayed in Fig. 3 . The macroscopic strain distributions were uniform up to 1000 N. When the applied load reached 2000 N, strain concentration was perceived around the notch for all the three strain components. As the sample was further stretched to 3000 N, the strain concentration was found to be more intense in the area close to the notch. Moreover, the Lüders-like band was developed and inclined in an angle of 34.4 o from the vertical direction. The intensive shear strain, which was obtained by DIC, was detected around the notches. In general, the localized macroscopic strain concentration was perceived in the middle of specimen during the deformation.
Deformation twinning
Based on the observation from DIC measurement, a question is raised that what the underlying deformation mechanisms are resulting in the uneven macroscopic strain distribution around the notches. To address this question, the synchrotron X-ray diffraction mapping method was adopted in the current study to investigate the diffraction peak intensity evolution of different hkls during the in situ loading-unloading sequence.
The diffraction peak intensity evolution of the (10.0) and (00.2) grains in axial and transverse directions at selected load levels is illustrated in Fig. 4 . The diffraction peak intensity of (10.0) grains decreased during the loading and recovered after the unloading in the axial direction, as shown in Fig. 4 (a)-(d). However, the diffraction peak intensity of (10.0) grains in the transverse direction in Fig. 4 (e)-(h) varied little during the loading-unloading sequence. On 12 the other hand, the (00.2) diffraction peak intensity remained almost unchanged in the axial direction and varied less significantly than the (10.0) grains in the transverse direction during the loading. After the unloading, the diffraction peak intensity of (00.2) grains remained almost the same. If the extension twinning occurs in the current experimental configuration, the diffraction peak intensity of the (10.0) grains in the loading direction would decrease accompanying with the peak intensity of (10.0) grains increase in the transverse direction, because the extension twinning leads to an approximately 86.3 o grains re-orientation. Additionally, the opposite trend should be observed in the (00.2) grains. Therefore, it indicates that no extension twinning is activated during the deformation. It can be speculated that there must be other active deformation modes resulting in the diffraction peak intensity variation in (10.0) and (00.2) grains.
To explore the activated deformation twinning systems during the plastic deformation, each deformation twinning system was investigated individually using an azithmuthal-dependent intensity distribution. The population and distribution of different deformation twinning systems derived from diffraction peak intensity variation of (00. Table 2 and 3. The (00.2) peak intensity variation resulted from both DT1_T2 and DT2_T1 is illustrated in Fig. 6 (i)-(l). The general trend of double twinning evolution is similar to the combination of DT1_T1 and DT2_T2. Fig. 7(a) .
The averaged lattice strain distributions of the (10.0) and (00.2) grains in the yy and xx directions at different load levels and sample locations are presented in Fig. 8 . Every three data 14 values in the vertical direction were averaged. In the yy direction, the compressive residual strains (purple line) were only observed near the notch in Fig. 8(b) , (d), and (f). When the measurement points moved from the top to the bottom line, at the maximum load level the lattice strain of the (10.0) grain became higher near the notch (cyan line) during the loading. One the other hand, the residual strain zone size after the unloading became smaller, but the value of the compressive residual strain became larger (purple line). In the xx direction for the top line in Fig.   8(a) , the lattice strains of the (00.2) grains changed from compressive to tensile strain when moving from the middle of the sample to the edge in Fig 8(c) . As presented in Fig. 8(g ), the lattice strain of the (00.2) grains stayed negative during loading-unloading for the bottom line in Fig. 8(a) . In conclusion, not only the lattice strain evolution can be observed at each measurement location, but also the bulk-averaged information can be retrieved by averaging the lattice strain in adjacent locations in the current study.
The local lattice strain distributions of different hkls in yy and xx directions are illustrated in Fig. 9 . At 1000 N, the lattice strain concentration in yy direction was found in the center of the notch edge for all hkls in Fig. 9(b) , (f), and (j). The relative uniform deformation was observed in the middle of sample. When the load reached 3000 N, the plastic zone became larger and the lattice strain concentration turned to be more intense, as displayed in Fig. 9 (c), (g), and (k). It was also found that the lattice strain levels of (10.0) and (11.0) grains were much higher than the (10.1) grains. After the unloading, the compressive residual strains were detected close to the notch edge in all the three groups of grains in the yy direction (marked in red lines), as shown in However, the majority of the residual strains in the sample was around zero after the unloading in Fig. 9(p) . The compressive residual strain was retained in the middle of the sample, while a relatively small tensile residual strain was witnessed on the top right corner on Fig. 9 (p).
The internal shear strain distributions of certain interested hkls at the selected load levels are demonstrated in Fig. 10 . Overall, the shear strain originated around the notch edge at 1000 N.
When the sample was further pulled to 3000 N, relative large shear strain formed a band aligned 
Stress distribution in different hkls
The stress distribution in different groups of grains was estimated according to the plane stress/strain matrix of generic Hooke's law and the equations are shown below, 16 (1)
where , , and are the stress in yy, xx direction and shear stress of certain hkl, respectively. The , , and are the lattice strain of certain hkl in yy, xx, and shear directions, respectively. The and are the diffraction elastic constants. The materials parameters used in the current study were acquired from the neutron diffraction results by real-time in situ tension and compression experiments of ND, RD, and 45 o to the ND and RD samples [21, 24] as shown in Table 4 .
The stress variations during the loading-unloading at the selected load levels in certain lower part of the mapping. After the unloading, the large compressive residual stress was found on the lower side of the specimen, while 0 residual stress was identified in the rest of the sample.
The shear stresses in different hkls at the selected load levels are demonstrated in Fig. 12 .
It is obvious that the shear stress concentrated at the area close to the notch at 1000 N in Figs. 12(b), (f), (j), and (n) for the four groups of grains. When the applied load reached 3000 N, a large amount of shear stress can be distinguished in (10.0) and (11.0) grains near the notch in
Figs. 12(c) and (o). Nevertheless the shear stress of (10.1) grains close to the sample notch is the smallest among all four orientations of grains, as presented in Fig. 12(k) . Moreover, the shear stresses in the middle of sample were in the opposite directions comparing with the shear stress around the sample notch. After unloading, relatively small residual shear stress was built up near the sample notch, but it was in the opposite direction, as shown in Figs. 
12(d), (h), (l), and (p).
The specimen geometry design in the present research produces the complex biaxial strain/stress states around the notch edge, which were utilized to investigate the deformation twinning behavior during deformation, but one disadvantage of the current experiment setup is that the microscopic stress at each location is difficult to measure. By assuming the isotropic condition, the stress states, σ yy , σ xx , and σ xy , were estimated according to the lattice strain variation in different groups of grains at all locations. It is obvious that the stress distributions in yy direction of the (10.0), (10.1), and (11.0) grains were identical during loading-unloading sequence in Fig. 11 , suggesting an iso-stress condition in the current study. On the other hand, the shear stress concentrations were more apparent in the (10.0) and (11.0) grains than (00.2) the and (10.1) grains, as displayed in Fig. 12 .
Discussion
Deformation twinning
It was found that the apparent diffraction peak intensity variation in (10.0) grains was observed in the loading direction in Figs. 4(a)-(d) . As mentioned earlier, it has been well established that the {10.2}<10.1> extension twinning can be easily activated by tension along caxis and compression perpendicular to the c-axis [15-17, 21, 23-25] . In the present study, no obvious extension twinning occurred during the deformation as illustrated in Figs. 5(i)-(l), mainly because the tensile loading direction is parallel to the RD of the rolling plate (tension perpendicular to the c-axis). Therefore, it can be deduced that other deformation modes were involved in complex loading conditions, e.g., the current biaxial experimental configuration, leading to the peak intensity changes in (10.0) grains during deformation. By examining the diffraction peak intensity evolution of (00.2) grains induced by all possible twinning modes in Fig. 5 and 6 , it was established that the double-twinning, DT1 and DT2, operated intensively compared with the other deformation twinning systems. A certain amount of compression twinning, CT1, was also detected around the notch edge along the loading direction at the maximum load, while only a limited number of CT2 was perceived in Fig. 5 . As mentioned earlier, after the formation of the CT1 or CT2 (the {10.1} or {10.3} contraction twins produced by compressing along the c-axis or pulling perpendicular to the c-axis) the {10.2} secondary extension twins will be easily activated in the current loading condition, leading to DT1 or DT2
(the {10.1}-{10.2} or {10.1}-{10.2} double twins). Therefore, it can be concluded that nearly all CT2 compression twin grains were transferred to the DT2 double twins, because a large quantity of the DT2 and a small amount of CT2 were observed at the maximum load. On the other hand, the certain amount of CT1 twin grains were retained around the notch, although a large amount 19 of DT1 was formed. Moreover, the DT1 and DT2 appeared in the early stage of the deformation in Figs. 6(a) and (e), while the inhabitants of the CT1 and CT2 were very small. It indicates that after the formation of CT1 and CT2, they intended to easily transform into DT1 and DT2
instantaneously even at early stage of deformation. It was revealed that the type 1 and type 2 {10.1}-{10.2} and {10.3}-{10.2} double twinning were easily activated during deformation in the current experimental setup, as illustrated in Fig. 6 . Among all the deformation twins, the population of type 2 {10.3}-{10.2} double twins was largest.
It has been demonstrated that the DT2_T2 disappeared in the center of the notch after the applied load reached 3000 N in Fig. 6 (g). It is most likely that the deformation twinning and/or grain rotation may occur after the formation DT2, due to the high strain/stress concentration in the center of notch edge. The (00.2) plane would rotate out of the diffraction plane, which could not be detected by the 2D detector in the current experimental setup during synchrotron X-ray diffraction measurement. Therefore, the diffraction peak intensity of (00.2) grains vanished in the center of the notch edge.
Relationship between macroscopic straining and microscopic response
In the current study, we took advantage of the specially designed semi-circular notch specimen to investigate the deformation twinning behavior under complex loading conditions.
The R ratio (ε xx / ε yy ) distribution at 3000 N measured by DIC is presented in Fig. 13(a) . The different strain states based on R ratio are indicated in Fig. 13(a) . It is noticed that there exists a shear band (marked by black dashed circle) inclined in an angle of 34.4 o with the loading direction on the upper left side of Fig. 13(a) . The uniaxial strain condition was observed around the center of the notch (marked by black dash-dotted circle), while the combination of the 20 uniaxial, biaxial, shear, and plane strains was found in the majority of the sample. It also perceived that the slip bands (marked by purple dotted lines) on the sample surface were under biaxial strain conditions.
It has been acknowledged that the activation of deformation twinning systems greatly depends on the critical resolved shear stress (CRSS) [26, 30, 34] . In the present research, the complex macroscopic localized strain states, as illustrated in Fig. 13 , result from the operations of various deformation twinning systems. Comparing Fig. 13(a) with Fig. 5(c) , it was found that the retained CT1 is closely related with the pure shear, while a large amount of DT1 was found outside of the shear band in Fig. 6(c) . It manifests that the formation of CT1 and the inhibition of transformation from CT1 into the DT1 leads to the macroscopic shear. In Fig. 6(c) , it was also realized that the distribution of DT1_T1 inclined in a certain angle, which coincided with the slip bands observed in Fig. 13(a) . It designates that the formation of the DT1_T1 contributes to the localized biaxial strain state. A large amount of DT2_T2 was witnessed in the middle the specimen and around the sample notch, as displayed in Fig. 6 (g), which correlated with the uniaxial strain condition in Fig. 13(a) . It indicates that the formation CT2 as well as the subsequent DT2 produce the uniaxial strain state. It can be summarized that the localized macroscopic strain states are the results of the activation of various deformation twinning modes.
Under the identical macroscopic straining, the biaxial lattice strain states at grain level varied significantly in different hkls. The distributions of biaxial lattice strain states at 3000 N for certain interested hkls are illustrated in Fig. 13(b) -(e). The ratio of ε xx,hkl over ε yy,hkl was close to 0 (green color) in the majority of the specimen for the (10.0) and (11.0) grains in Fig. 13 
Conclusions
In situ synchrotron X-ray diffraction mapping has been employed in the current paper to investigate the deformation twinning behavior under complex strain conditions, which were generated by the specially designed semi-circular notch during tension. Main conclusions can be drawn as follows:
(1) The extensive double twins were observed during in situ tension along RD, while nearly no extension twinning activity was detected.
(2) After the formation of type 1 and 2 contraction twins, they transformed into type 1 and 2 double twins immediately at early stage of deformation. Table 1 . Deformation twinning systems in HCP-structured Mg alloy. Table 2 . The four types of {10-11}-{10-12} double twinning in HCP-structured Mg alloy. Table 3 . The four types of {10-13}-{10-12} double twinning in HCP-structured Mg alloy. Table 4 . The material parameters achieved from neutron diffraction results. 
